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Abstract

The Ge-on-insulator has been fabricated by wafer bonding and smart-cut.
The MIS structure leads to simple fabrication process as compared to the
conventional PIN structure. Due to the small bandgap of Ge, 1.3 um and 1.55
um infrared beside 850 nm can be detected. The low parasitics of GOI structure
also increase the detection speed. The large work function metal (Pt) is used for
the gate electrode to reduce the dark current of the MIS tunneling diode.
Chemical etching is an effective method to remove the implantation damage in
order to reduce the dark current and increase the responsivities of visible light.
The major achievements are: 1) Thin film Ge on oxide on Si has been
demonstrated with smart-cut and wafer bonding at low temperature as low as
150 °C, and the detector has been fabricated using simple MIS structure. 2)
Responsivity up to 0.2 A/W can be obtained for 850 nm and 1.3 um infrared. 3)
The dark current of the GOI MIS detector at -2 V can be decreased by a factor of
18 as compared to the GOI SB detector. 4) External mechanical strain can
further enhance the photo current, while the dark current variation is smaller
than 2 %. 5) Higher operational speed can be achieved with a Ge-on-insulator
detector as compared to the bulk Ge detector. 6) Thin film Ge can be used for
visible light detection. The red- and green- responses have been measured.
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Introduction

Ge with bandgap of 0.66 eV and direct bandgap of 0.8 eV is a promising material for
visible and infrared ultra-fast detectors since only a thin film Ge is needed. The Ge layer
much thicker than absorption length is also not desirable due to costly Ge layers. Photonic
devices with Si-on-insulator (SOI) structure are of great interest in recent years [1]. The SOI
structure can improve the performance of the CMOS circuits due to the reduction of parasitic
capacitance. However, due to Si bandgap, the near infrared at the optical communication
wavelength of 1.3 um and 1.55 pm can not be detected. The Ge-on-insulator (GOI) on Si
substrates can potentially lower the cost, and the inherent low parasitics of the GOI structure
can increase the speed. Ge p-i-n photodetector have been demonstrated with Ge directly
grown on SOI [2] or Si [3] substrates. In this report, we investigate GOI
metal-insulator-semiconductor (MIS) photodetectors by wafer bonding and smart-cut [4]. The
GOl fabrication was demonstrated at low-temperature as low as 150°C. To the best of our
knowledge, this is the lowest GOI process temperature has ever demonstrated. The
advantages of hydrogen effects on low-temperature GOI fabrication process such as the
smoother cleaved surface and defect passivation were observed. The MIS detector can have a
lower dark current density and a simple process without n and p dopant implantation or
diffusion. To demonstrate the advantage of GOI MIS detectors, a GOI Schottky barrier (SB)
detector is also studied with a structure similar to the GOI MIS detector without LPD oxide.
At -2 V bias, the dark current density of the GOI MIS detector is 0.23 A/cm’, while the dark
current density of the GOI SB detector is 4.2 A/cm®. The large work function metal (Pt) is
used for the gate electrode to reduce the dark current. The responsivity of 0.23 A/W at the
wavelength of 1.3 um was achieved using n-type Ge with the thickness of 1.3 um. External
mechanical strain can further enhance the photocurrent with only slight degradation of the
dark current. The red- and green- responses are also measured. The thin film Ge detectors can

be used for the system-on-panel applications.

GOl MIS detectors
The n-type, 1-30 Q-cm (001) Ge substrate was prepared as a “host” wafer. The H™ ions

with a dose of 1~1.5%10'"" cm™ and the energy of 150~200 keV were implanted into the host
wafer to form a deep weakened layer (Step 1 in Fig. 1). On the other wafer, 50~80 nm thermal
oxide was grown on the p-Si to form the “handle” wafer. The handle wafer and host wafer
were hydrophilicly cleaned in the NH4OH : H,O, : H,O solution and KOH : H,O solution,
respectively (Step 2 in Fig. 1). After being rinsed in DI water, the wafer pair were initially

bonded, and then annealed to strengthen the chemical bonds between the faces of the two



wafers and to induce layer transfer along the weakened hydrogen-implanted regions by H»
blistering (Step 3 in Fig. 1). Different pairs have been fabricated at annealing temperature
from 150 to 300°C for comparison. Al with a ring area was evaporated on Ge. Since the Al
ohmic contact has a large area (>0.1 cm?) and the barrier height between Al and Ge is small
(0.1 eV), the effect of contact resistance is small [5]. The low-temperature (50°C) liquid phase
deposited (LPD) oxide [6] and Pt gate were used as the gate stack inside the Al ring (Step 4 in
Fig. 1). Fig. 2 shows the cross-sectional transmission electron micrograph (TEM) of the GOI

MIS detector.
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Fig. 2 The cross-sectional transmission
electron micrograph (TEM) of the GOI

MIS photodetector.

According to experimental results published in the literature [7], hydrogen is the fast
diffuser in germanium. The hydrogen can diffuse out of surface during the bonding process,
especially at the instant of breakage. The lower process temperature produces more
concentrated hydrogen profile because of the low diffusion coefficient of hydrogen at low
temperature. The concentrated hydrogen region would lead to a smooth cleaved surface since
the separation along the microcavity plane during the smart-cut process is generated by the
hydrogen bubbling near the peak implantation region (Fig. 3). The pressure inside the
microcavity becomes the driving force for the layer separation. Fig. 4 shows surface
roughness of the GOI samples as the function of process temperatures, measured by AFM on
Iumx1um area. It shows that surface roughness continues to decrease as process temperature
decreases. The separated surfaces exhibit a root-mean-square roughness of ~7 nm after the H,

blistering at 150°C for 12 hr, while the roughness is as high as ~27 nm at the bonding of



300°C for 12 hr.
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Fig. 3 The lower process temperature  Fig. 4 Surface roughness as a function of
produces more concentrated hydrogen  process temperature. The separated surfaces
profile and a smoother cleaved surface  surface roughness continues to decrease as
because of the lower diffusion coefficient  process temperature decreases.

of hydrogen at lower temperature.

At negative bias, the thermal generated electron-hole pairs via defects at the Ge/SiO,
interface and in the depletion region of Ge are swept separately by the electric field and form
the dark current. Under infrared exposure at inversion bias, the excess electron-hole pairs are
generated in semiconductor and contribute to the photocurrent. The currents of the
0.8-um-thick-Ge GOI MIS detector are shown in Fig. 5. Because the Pt gate electrode would
block and reflect the light shined directly on the device, the fiber was pointed to the edge of
the gate electrode and the photo-generated carriers can be collected by the electrode due to
lateral diffusion and drift of the carriers. At -2 V, the responsivities at 850 nm, 1.3 pum, and
1.55 pm are 0.22 A/W, 0.19 A/W, and 0.04 A/W, respectively.

Fig. 6 shows the photoresponses of GOI MIS diodes under light exposure at the
wavelength of 850 nm at different bonding temperatures. The photo-generated holes and
electrons in the deep depletion region are separately swept toward the Pt and Al electrodes,
respectively, to form the photo currents. The photo-generated carriers may be trapped in
defects and leads low responsivity. During thermal treatment, the implanted hydrogen ions
can passivate the defects created by implantation damages in the Ge. At lower bonding
temperature, the diffusion of hydrogen ions out of the wafers can be suppressed and more
hydrogen can passivate the damage defects. Fig. 6 shows that the responsivity increase from
0.0036 A/W to 0.22 A/W as the process temperature decreases from 300°C to 150°C. This



indicates that the implantation induced damage defects were effectively passivated by
hydrogen ions at low-temperature process. Note that as the process temperature decreases, the
gate leakage current decreases. The leakage current of MIS tunneling diode at inversion bias
(negative bias for n-type Ge) is dominated by thermal generation of electron-hole pairs
through the defects in the depletion region and at the Ge/oxide interface. The lower defect
density at lower bonding temperature due to the hydrogen passivation of implantation defects

can therefore reduce the leakage current.
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Fig. 5 The dark and 850nm, 1.3 pum, and
1.55 um infrared photocurrent vs. voltage
(I-V) characteristic for the detector with 0.8
um Ge.

Fig. 6 The 850 nm infrared responsivities of

GOI  detectors at different process

temperatures. The responsivity increases as

the process temperature decreases.

To increase the responsivity at 1.3 um infrared, thicker Ge is fabricated. The currents of
the 1.3-um-thick-Ge GOI MIS detector are shown in Fig. 7. At -2 V, the responsivity of 1.3
um infrared of the 1.3-um-thick-Ge GOI MIS detector is 0.23 A/W, which increases 24% as
compared to the 0.8-um-thick-Ge sample.

MIS/Schottky detectors

The MIS detector can have a lower dark current and a simple process without n and p
dopant implantation or diffusion. To demonstrate the advantage of GOI MIS detectors, a GOI
Schottky barrier (SB) detector is also studied with a structure similar to the GOI MIS detector
without LPD oxide. Due to the fast trap-assisted tunneling through the LPD oxide, the dark
inversion current of the MIS device is dominated by the thermal generation rate of
electron-hole pairs via interface traps and the traps in the deep depletion region of Ge [&],
while for the SB diodes, the dark current is dominated by the thermionic emission current

from Pt to Ge [9]. At -2 V bias, the dark current density of the GOI MIS detector is 0.23



Alem?, while the dark current density of the GOI SB detector is 4.2 A/cm®. Meanwhile, the
MIS detector has 1.3 um wavelength responsivity of 0.23 A/W larger than the SB detector
(0.16 A/W). For comparison with the other reports, the dark current of MSM [10] and PIN [2]
detectors are 0.3 A/em” and 0.4 A/cm?, respectively, at 2V bias. Due to implantation damage,
our SB detector has a large dark current, but MIS structure reduces the dark current. The dark
current of our MIS detectors can be further reduced by removing the interface states between
insulator and Ge as well as implantation damage.

The barrier height of Pt SB detector on the rough surface of Ge after smart-cut, measured
by IV and CV, is about 0.5 eV, corresponding to the effective Pt work function of 4.6 eV, and
the low effective Pt work function leads to much higher dark current of the Pt SB device than
the Pt MIS device. The defects after the smart-cut may be responsible for the work function
reduction due to Fermi level pinning. Therefore, the GOI SB detector has 18 times dark

current of the GOI MIS detector at the negative bias of 2 V.
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are also shown for comparison.

Mechanical strain on detectors

The photocurrent of the GOI MIS detector can be enhanced by applying external
mechanical strain on the device. The strain mechanism used in this work is shown in Fig. 8.
The photocurrent enhancement can reach 11 % at 0.13 % biaxial tensile strain (Fig. 9). The
dark current variation is smaller than 2 %, since it is only dominated by defects, which do not
change under strain. The increase of photocurrent is mostly due to the strain-induced bandgap

narrowing [11] (Fig. 10). The smaller bandgap contributes to shorter absorption depth and



leads to more effective absorption.

Higher operational speed

The 850 nm transient response measurement of the 0.8-um-thick-Ge GOI detector at -2V

shows 60 % enhancement of bandwidth as compared to the bulk Ge detector (Fig. 11). The

large area (3x10™ cm?) leads to a small bandwidth of 540 MHz of our GOI detector due to RC

delay. The capacitance of 1.8 pF and the series resistance of 150 Q can be extracted from the

S-parameter, and the RC-limit bandwidth is 590 MHz, close to the measured bandwidth. The

MIS structure can form a deep depletion region in the Ge thin film, and the capacitance due to

depletion region is in series with gate oxide capacitance to reduce the total capacitance.
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Visible light detection
A single crystalline thin film of Ge on glass (GOG) is also fabricated using wafer

bonding and smart cut. The Corning 7059 glass was prepared as a handle wafer instead of the
p-Si with thermal oxide as mentioned above. The handle wafer was then hydrophilicly
cleaned in the NH4OH : H,0, : H,O (SC1) solution. The glass substrate is transparent for the
visible light, and the GOG MIS photodetectors can be used for the system-on-panel
applications.

The GOG structure can be etched before the fabrication of the MIS photodetector to
reduce the surface roughness and to remove most defects formed during the implantation
process. The surface roughness of the GOG structure was ~ 14 nm after smart-cut. The SC1
solution (NH4OH : H,O, : H,O =1 : 1 : 7) is used to etch the Ge in order to remove the
defective hydrogen implantation region [12]. The surface roughness decreases to ~ 4 nm after

etching for 150 seconds.
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light source is 4.2 mW. forming the photocurrent.

The GOG structure can be etched to remove most defects formed during the implantation
process. Fig. 12 shows the dark currents and photocurrents at 532 nm wavelength of the
unetched and etched GOG MIS photodetectors. The dark current of the etched GOG MIS
photodetector is reduced by a factor of 30, while the 532 nm photocurrent is increased by a
factor of 1.85. The thermal generated electron-hole pairs via defects at the Ge/Si0, interface
and in the depletion region of Ge decrease after the damage removal, and the dark current

consequently decreases. The photo-generated electron-hole pairs should be swept separately



to contribute to the photocurrent. However, these photo-generated electrons and holes may
recombine via defects without forming the photocurrent (Fig. 13). The defect density
decreases after the etching process, and the recombination of photo-generated carriers is
significantly suppressed. This phenomenon is especially significant for visible light detection.
The etched devices can enhance the responsivity as long as the remaining Ge layer is
sufficiently thicker than absorption depth at exposure wavelength. This is true for 532 nm and
635 nm wavelength which have absorption depth of ~ 20 nm and ~ 50 nm, respectively, in Ge.
Note that the remaining Ge after etching is ~ 770 nm. The responsivities of the etched
detector for red- and green- light are 0.093 A/W and 0.061 A/W, respectively (Fig. 14).

The responsivities at 1.3 um and 1.55 pm infrared of the unetched GOG MIS
photodetector are 0.27 A/W and 0.05 A/W, respectively, which are larger than those of the
etched GOG MIS photodetector. The drop of responsivity at 1.3 um and 1.55 pm wavelength
after etching is due to the insufficient Ge layer thickness (770 nm) as compared to absorption
depth of 1.3 um and 22 um [13], respectively. Note that there was no Anti Reflection (AR)

coating used on the detectors. The further enhancement on responsivity can be expected with

the AR coating.
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Summary

The GOI MIS detectors have been demonstrated, and the process temperature is as low
as 150°C. The implantation induced defects were effectively passivated by hydrogen ions at
low-temperature process, and the degradation of responsivity due to the defects can be
suppressed. The MIS detector can have a lower dark current and a simple process without n
and p dopant implantation or diffusion. Due to the compatibility with Si ultra-large scale
integration, it is possible to integrate electro-optical devices into Si chip for optical
communication at the wavelength of 850 nm, 1.3 pum and 1.55 pm. With the external

mechanical strain, the photocurrent enhancement can reach 11 %, while the dark current



variation is smaller than 2 %. The red- and green- responses have been measured, and are
0.093 A/W and 0.061 A/W, respectively. The etching is proven to be an effective method to
remove implantation damage. After the damage removal, the dark currents can be decreased
and the responsivities can be increased while the remaining Ge is sufficiently thick as

compared to absorption depth.
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The broadband absorption of metal-oxide-semiconductor SiGe/Si

quantum dot infrared

photodetectors is demonstrated using boron 6 doping in the Si spacer. The peak at 3.7—6 um results
from the intersubband transition in the SiGe quantum dot layers. The other peak at 6—16 um mainly
comes from the intraband transition in the boron J-doping wells in the Si spacers. Since the
atmospheric transmission windows are located at 3-5.3 and 7.5—-14 wum, broadband detection is
feasible using this device. The & doping in SiGe quantum dots and Sij ¢Ge ; quantum wells is also
investigated to identify the origin of the absorption. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2433768]

I. INTRODUCTION

Broadband infrared detection is attractive in thermal im-
aging, target identification, medical, and other applications.'
Broadband photodetectors demonstrated so far are based on
II-V materials.> With the advantages of integration with Si
electronics and low cost,4 the Si-based broadband detectors
are highly desirable.

A quantum dot infrared photodetector (QDIP) provides
the advantages of no polarization selection rule (normal in-
cident), small dark current, and high operation temperature.
Due to the Stranski-Krastanov growth mode of quantum dots
(QDs), the size of dots and width of wetting layers are hardly
changed. As a result, the absorption region is limited to a
certain wavelength. Quantum wells (QWs) with different
thickness or compositions can be fabricated to achieve mul-
ticolor detection.’ However, strain due to the misfit between
Ge and Si has to be considered to avoid the formation of
dislocations.

We present a metal-oxide-semiconductor (MOS)
SiGe/Si QDIP with & doping in the Si spacer, with a broad-
band spectrum covering most of the 3-5.3 and 7.5—-14 um
atmospheric transmission windows. The & doping in Si spac-
ers provides the QDs with a sufficient hole concentration and
forms a d-doping well in Si. Due to the strong electric field
formed by locally ionized dopants and band gap narrowing
by delocalization of acceptor states in the reciprocal space, a
QW is formed in the valence band of Si spacers.6 The holes
in QDs could be excited by mid-wavelength infrared
(3.7-6 um detection). The &-doping QWs contribute to
long-wavelength infrared detection through intraband transi-
tion (cutoff wavelength at 16 wm). Boron & doping in QDIPs
achieves broadband detection without increasing the process
complexity, as compared with the complex process to incor-
porate SiGe QWs.

The MOS structure uses an ultrathin tunneling oxide to
allow carrier tunneling under infrared excitation and to re-
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duce dark current. This simple structure of the MOS detector
is attractive for integration with Si electronics. Note that the
detector should be operated in the inversion bias region to
reduce dark current.

Il. DEVICE FABRICATION

The 20-period SiGe QDs with a 2—3 nm wetting layer
were grown on 100 mm p-type (100) Si substrates with the
resistivity of 15-25 () cm by ultrahigh vacuum chemical va-
por deposition (UHVCVD). Due to different in sifu anneal-
ing times and interdiffusion between Si and Ge, the top SiGe
dot with shorter annealing time after formation has a higher
Ge concentration (~60%) as compared to the bottom SiGe
dot (~40%),"® which suffers longer annealing time after
formation. The different Ge concentrations are due to the
difference in thermal budget after growth. The Ge concentra-
tion variation reflects the broad peaks in photoluminescence
and absorption measurements. A 2 nm layer of low-
temperature (50 °C) oxide’ was deposited on top of the
sample by liquid phase deposition (LPD) to fabricate MOS
tunneling diodes'” (Fig. 1). SiGe QD layers were separated
by 80 nm Si spacer layers. Boron (10" cm™) was & intro-
duced in the middle of the growth of each Si spacer layer. Al
was deposited on top of the oxide to form the gate electrode
(with an area of 31072 cm?), and also deposited on the
back of the sample to form the Ohmic contact.

The large valence band offset between Si and SiGe
forms discrete quantum states in the SiGe QDs. Under infra-
red exposure, the confined holes can be excited and contrib-
ute to the photocurrent. The spectral response is measured by
a Fourier transform infrared (FTIR) spectrometer (Perkin-
Elmer Spectrum 2000) coupled with a cryostat and an SR570
current preamplifier. The incident light is unpolarized and the
devices are under normal incidence.

To further study the absorption mechanism, two other
samples with the same S-doping profile are also measured for
comparison (Table I). The “&-spacer” and “5-QD” samples
have the same QD structure, but with different 6-doping lo-
cations. The former is in the Si spacer, while the latter is in

© 2007 American Institute of Physics
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FIG. 1. The structure of the MOS SiGe/Si QDIP. The 20-layer SiGe quan-
tum dots were formed by ultrahigh vacuum chemical vapor deposition, and
the & doping was introduced in the Si spacer. The inset shows the TEM
photograph of SiGe quantum dots.

the SiGe QD layer. The “5-SiGe01” sample has five-period
7-nm-thick Sij ¢Ge( ; quantum wells with the boron 6 doping
in quantum wells.

lll. RESULTS AND DISCUSSION

At 15 K, the absorption spectra can be grouped into
three regions, including a 1.8-2.37 um peak (the inset of
Fig. 2),a3.7-6 um peak, and a 6—16 um peak (Fig. 2). The
schematic energy levels in Si/SiGe/Si QDs are shown in
Fig. 3.

The 1.8-2.37 um peak results from the intervalence
band transition (E, in Fig. 3) between heavy hole ground

TABLE I. Condition of three different samples.

Spacer Cap
Sample Active S-doping width thickness
name layer location (nm) (nm)
S-spacer 20 layers Spacer 80 130
SiGe QD
5-QD 20 layers QD 80 130
SiGe QD
6-SiGe01 5 layers QW 90 135
SigeGey,
QW
- 2x10*
=
<4X10 I
~ \
o \
= l“; - ! \o 1 35 Z0 27 24 2s
I 2x10 4 ! Wavelength {um)
= 2x
(24
Q.
]
2 N - =
4 6 8 10 12 14 16 18 20

Wavelength (um)

FIG. 2. Spectral response of the 5-spacer sample at 0 and 1 V (15 K). The
inset shows the response at shorter wavelength, indicating cutoff wavelength
at 2.37 pum at 0 V and 2.53 um at 1 V.
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FIG. 3. The schematic energy levels in Si/SiGe/Si quantum dots under
different biases. The band is not flat at 0 V since the flatband voltage is
negative.

state (HH1) and the continuum states. When the applied volt-
age increases from O to 1 V, the cutoff wavelength shifts
from 2.37 um (0.52 eV) to 2.53 um (0.49 eV) (the inset of
Fig. 2). Holes, which are excited by photons with energy less
than the energy difference between the ground state and the
barrier, can tunnel through the triangular barrier at 1 V (Fig.
3). The redshift is characteristic of bound-to-continuum
transition.'"'?

The photoluminescence (PL) spectrum at 10 K is shown
in Fig. 4. Since the conduction band offset at the Si/SiGe
heterojunction is very small and the ground state (HHI) is
very close to the valence band edge of SiGe dots, the HH1-
to-continuum transition energy approximately coincides with
the energy gap difference between Si (1.17 eV) and SiGe
dots (0.7 eV).

The hole concentration of light hole ground state (LH1)
is smaller than that of HHI1. The LH1-to-continuum transi-
tion should be much weaker than the HHI-to-continuum
transition, and no obvious absorption is observed.

The 3.7-6 um peak results from the intersubband tran-
sition (E, in Fig. 3) between the ground state of light hole
(LH1) and the first excited state of light hole (LH2) in the
SiGe-dot layers. The 3.7—-6 um peak does not shift as the
gate voltage increases, since the LHI-to-LH2 transition
(3.7-6 um peak) occurs between two bound states, and the
influence of a triangular barrier is small.

The continuous supply of holes to the SiGe/Si QDs is
necessary when the photogenerated holes are collected by the
electrode at the bottom of the substrates (Fig. 5). Two pos-
sible mechanisms could be responsible for the supply of
holes. One is the electron-hole pair generation at oxide/
semiconductor interface. The electrons in the valence band
jump into the conduction band via interface states, and tun-
nel into the gate electrode through the thin oxide (2 nm), and

SiGe QD signals

Si Eg at 10K]
1

0.47 eV

Intensity (a.u.)

07 08 09 1.0 1.1
Photo energy (eV)

1.2

FIG. 4. The photoluminescence (PL) spectrum of the &-spacer sample at
10 K. The band edge of the SiGe dot signal corresponding to HH1 to con-
duction band in SiGe dot is ~0.7 eV.
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FIG. 5. Two possible mechanisms responsible for the hole supply. (a) Elec-
trons in the valence band jump into the conduction band via interface states
and tunnel into the gate electrode through the thin oxide, and the holes are
left in the valence band. (b) Holes tunnel from the gate electrode to Si.

the holes are left in the valence band. The other mechanism
is that holes tunnel from the gate electrode to Si.

The 6-16 um peak mainly comes from the intraband
(intersubband or intervalence band) transition in the boron
o6-doping wells in the Si spacers. For the shorter wavelength
part in the 6—16 wm peak (about 6—10 wm), there are other
possible transitions in QDs such as the intersubband transi-
tion from HH1 to HH2 and the intervalence band transition
from HH1 to LH1. However, the excited states (HH2 and
LHI) are far from the top of the barrier, preventing photoex-
cited carriers to be efficiently collected." Therefore, the tran-
sitions (HH1 to HH2 and HH1 to LH1) may have a small
contribution to the 6—10 wm absorption. Moreover, oxygen
with an impurity level of 160 meV (7.8 wm) may also con-
tribute to the 6—-10 um absorption.14

For comparison, the infrared spectra of the three samples
in Table I are shown in Fig. 6. The cutoff wavelengths of
o-spacer and 6-SiGe01 samples at the low energy end are 16
and 14 um, respectively. These transitions result from the
intraband transition of &-doping well (Fig. 7). The blueshift
of the cutoff wavelength of the §-SiGe0l sample as com-
pared with the J-spacer sample is probably due to the addi-
tional quantum confinement of Sij;¢Gey,; QW outside the
S6-doping well. Note that there is a valence band offset of
~75 meV between Si and Sij¢Geg ;. The long-wavelength
(<14 pm) transition in the &-SiGe0l sample cannot origi-
nate from intraband transition of Sij¢Gey; QW due to the

artifact‘ artifact ——o-spacer

! i _ .s-QD
. . 5-5iGe01

Normalized Responsivity

- .
i | SR SO SN Al

4 8 8 10 12 14 16
Wavelength (um)

FIG. 6. Comparison of the spectral responses of the J-spacer sample, the
5-QD sample, and the 5-SiGe0Ol sample at 15 K (at 1 V bias). Both the
S-spacer sample and the &-SiGe0l sample have a long-wavelength
transition.
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Aa=

6-SiGe01

5-QD

d-spacer

FIG. 7. The schematic detection of long-wavelength infrared inside the
o-doping layer. The long-wavelength infrared photoexcited carriers can be
collected in the o-spacer sample and &-SiGeOl sample. No absorption
around 6—16 um is observed in the 5-QD sample, since the valence band
barrier of SiGe QD is too large to block the photoexcited hole from the
o-doping well.

QW’s shallow depth, where the cutoff wavelength should be
larger than 16.5 um (75 meV). No absorption around
6—16 um is observed in the 5-QD sample. Since the valence
band barrier of SiGe QD is large enough to block the photo-
excited holes from the J-doping well, the photoexcited car-
riers cannot be collected by the electrode (Fig. 7).

For the intersubband transition from LH1 to LH2, the
cutoff wavelengths of the 6-QD sample and the J-spacer
sample are 5 and 6 wm, respectively. The smaller cutoff
wavelength of the 6-QD sample may be due to the many
body effect, since the hole concentration in the QDs is
higher. The many body effect increases the intersubband
transition energy. 1516

Note that there are some artifacts, such as 2.6, 4.3, 6.6,
and 9.5 um (Fig. 6), due to the absorption from the measure-
ment environment.

The normalized detectivity D" is

- \A—Af B \m

. 1
NEP ~ iJR )

where A is the detector area (3X 1072 cm?) and Af is the
equivalent bandwidth of the electronic system. The noise
equivalent power is defined as i,/R, where i, is the current
noise and R is the responsivity. At 1 V, the current noise is
limited by the dark current and can be approximated as the
shot noise (2el,Af)""?, where I, is the measured dark current.
At 0V, the dark current approaches zero, and the current
noise should be approximated as Johnson noise (4kTGAf)'?,

where G is the measured conductance.

Therefore, D™ can be simplified as

.
« VAR

D'=—
V2el,

at1V, 2)

\J’ZR
D = —
\r’ 4k TG

at0 V. (3)

Figure 8 shows the detectivity at 1 and O V bias at dif-
ferent temperatures. At 15 K and 1 V bias, the peak detec-
tivity is found to be 4.3 X 10% cm Hz">/W at 9.6 um and
2.6 X 10% cm Hz!2/W at 4.9 um. The peak detectivity in-
creases to 3.9X10° cmHz"?>/W at 9.6 um and 2.3
X 10° cm Hz'2/W at 4.9 um when the bias decreases from
1 to 0 V. Note that the conductance measured at 15 K is 2
X 1077 S. The detectivity decreases as operating temperature
increases. The values of detectivity are very low in compari-
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FIG. 8. The detectivity of the &-spacer sample at different temperatures. The
3.7-6 um detection has a peak at 4.9 um, and the 6-16 um detection has
a peak at 9.6 um.

son with that of commercialized detectors. Further optimiza-
tion should be done for higher detectivity. Dark current re-
duction and responsivity enhancement may be the effective
steps to improve the detectivity. The dark current could be
reduced with a passivation technique to decrease the inter-
face states at Si/LPD SiO, interface. Antireflection coating
could be used in order to increase the responsivity.

Under negative bias, the electrons in Al gate tunnel to
the semiconductor, and this large dark current prevents the
detector operation at the negative bias (Fig. 9).

IV. CONCLUSIONS

There are three detection regions for the QDIP with &
doping in the Si spacer, including 1.8-2.37, 3.7-6, and
6—16 um. The 1.8—2.37 um peak results from the interval-
ence band transition from HH1 to the continuum states in the
SiGe-dot layers. The 3.7-6 um peak results from the inter-

15K
-4
A10 1
< I
'E 107}
o, sf
L 10y
=] 1 inversion bias

010'10[
]

-12 2 1 L

10 -2 0 2

Voltage (V)

FIG. 9. Dark current of the -spacer sample at 15 K. The detector is oper-
ated at inversion bias.

J. Appl. Phys. 101, 033117 (2007)

subband transition from LH1 to LH2 in the SiGe-dot layers.
The cutoff wavelengths of the LH1-to-LH2 transition of the
6-QD and &-spacer samples are 5 and 6 um, respectively.
The blueshift of the 6~-QD sample may be due to the many
body effect. The intraband transition in &-doping quantum
wells contributes to long-wavelength infrared detection
(6—16 um). The cutoff wavelengths at the low energy end of
o-spacer and 6-SiGe(Ol samples are 16 and 14 wm, respec-
tively. The blueshift of the cutoff wavelength of the
6-SiGe0l sample is probably due to the additional quantum
confinement of Siy¢Gey; QW outside the 5-doping well. At
15K and 0V, the peak detectivity is found to be 3.9
X 10° cm Hz'2/W for the 6-16 um peak and 2.3
% 10° cm Hz'?/W for the 3.7—-6 um peak.
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The variation of electron barrier height and built-in voltage of Pt Schottky diodes on the
mechanically strained n-type Si and Ge is investigated experimentally and theoretically. The
mechanical strain is measured by Raman spectroscopy and analyzed by the finite element method.
The built-in voltage and barrier height measured by capacitance-voltage and current-voltage
methods, respectively, decrease with increasing external tensile strain. The reduction of the built-in
voltage and barrier height originates mainly from the conduction band lowering with strain. The
extracted value of conduction band lowering is consistent with the theoretical calculations using the
“stress-free” boundary condition. © 2006 American Institute of Physics. [DOI: 10.1063/1.2191831]

Strained Si and Schottky barrier source/drain technolo-
gies have received considerable attention recently and can be
used for high performance metal oxide semiconductor field
effect transistors (MOSFETs)l’2 The substrate strain technol-
ogy using the lattice misfit between Si and SiGe yields glo-
bal biaxial strain and changes the conduction band and the
valence band structure of Si. The carrier effective mass and
the intervalley scattering are reduced, and thus the mobility
is enhanced. Process and package induced strains can also
produce sufficient strain for mobility enhancement at low
cost. > Schottky barriers improve the short channel effect
due to the shallow junction.2 The previous study of the
Schottky barrier height on the Pt/p-strained Si Schottky di-
ode was reported.5 The external biaxial strain to reduce the
Schottky barrier height and to increase complementary
MOSFET drive current was also calculated by another
group.6 In this Letter, the effect of externally mechanical
strain on n-type Schottky barrier diodes on Si and Ge is
presented experimentally and theoretically, and the shifts of
the conduction band edge with mechanical strain are also
studied.

The n-Si (100) and n-Ge (100) wafers used in this study
were cleaned by dipping in dilute HF to remove the native
oxide layer just before loading in the deposition chamber. Pt
was deposited through a shadow mask with an area of
5X 1073 cm? by electron beam evaporation at a pressure of
2 X 107° mbar to form the Schottky diodes. The Ohmic con-
tact was made by thermal evaporation of Al on the back side
of the wafer. The experimental setup to apply external me-
chanical strain to Schottky barrier diodes is similar to that
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described in Refs. 7 and 8. Two external strain conditions are
applied in this work: (1) uniaxial tensile strain along the
(110) directions on (001) substrate and (2) biaxial tensile
strain on (001) substrate. The level of strain is determined by
the four screws on the sides of the washer. The strain of the
Si and Ge under mechanical strain is simulated by finite
element method (ANSYS) and measured by Raman spectros-
copy. Raman spectra were excited by an Ar laser (wave-
length of 514 nm). The Ge-Ge peak in the Raman spectra
(Fig. 1) shifts towards the negative axis under mechanical
tensile strain. The Raman shifts of 0.91 and 1.32 cm™" under
uniaxial and biaxial tensile strains, respectively, were ex-
tracted from the curve fitting using a Lorentzian profile. The
strain is obtained by9

1
Aw=—[pe, +q(e,+5y)]. (1)
2(1)0

For biaxial tensile strain,

400

—a&— Unstrain

—O—Biaxial Strain {0.32%}
—&— Uniaxial Strain (0.45%)

300

200

Raman Intensity

100 [&

294 296 298 300 51502 304
Wavenumber (cm™)

FIG. 1. Raman spectra of the mechanically strained Ge. The position of
Ge-Ge peak of strained Ge indicates 0.32% for the biaxial tensile strain and
0.45% for the uniaxial tensile strain.

© 2006 American Institute of Physics
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TABLE I. The numerical value of parameters used in the calculation.

Cy Ci Cuy Sii Sia Sus p q E+(1/3)E,
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (10¥s72) (107 s7?) (eV)
Siy) 167 65 79 770 -214 126 -14.3 -18.9 4.18
Ge(y 131 49 66 960 -261 151 -4.7 -6.17 -6.84
8,=—C/IC)ey.  En=¢y. (2)  tensile strain. Neglecting the effect of surface dipole, the
L . . ’ barrier height change of a Schottky junction under mechani-
For uniaxial tensile strain, cal strain can be written as
Ey = O.ST(S” + S]z) +0.25TS 44, (3) A¢bn(s) — A¢m(8) _ AX(S), (6)
here ¢,,, ¢,, and x represent barrier height, metal work
,=0.5T ~0.25T. 4y  WICTE Pon P . ;
&y =0.5 (811 +S12) — 0.25TS,, (4) function, and electron affinity of the semiconductor, respec-
tively. The change of metal work function ¢,,(g) for single
&,=TS)2, (5) crystalline Pt is within ~4 meV under our mechanical strain

where w, is the longitudinal phonon frequency at the zone
center of reciprocal space, p and ¢ are phenomenological
potentials to calculate the frequency shift as the function of
external strain in Raman spectra, ,,, €,,, €, are the strain

along the (110), (110), (001) directions on (100) wafer, T is
the stress, and Sy, S12, Sy, Cyy, and C;, are elastic coeffi-
cients. The material parameters used in the calculation are
given in Table 1.”'* In Table I, the = ,+(1/3)E,, is the defor-
mation potential constant to calculate the conduction band
shift of Si and Ge as a function of external strain. Using the
Raman shift of the Ge—Ge phonon peak in Fig. 1, the strain
in Ge is estimated to be 0.32% for biaxial strain and 0.45%
for uniaxial strain. Similarly, the strain in Si can also be
estimated to be 0.13% for biaxial strain and 0.35% for
uniaxial strain.” The strain level obtained from Raman shift
agrees well with the finite element simulation using ANSYS
software.

Figure 2 shows the current-voltage (I-V) characteristic of
Pt/n-Si and Pt/n-Ge Schottky barrier diodes under biaxial
tensile and uniaxial tensile mechanical strains. The barrier
height and ideality factor (n) can be calculated from the for-
ward [-V curves. The ideality factors of n=1.07 and
n=1.13 for Si and Ge are observed, respectively, indicatin
that the current is mainly due to the thermionic emission.’
The barrier height changes of the Pt/n-Ge sample are found
to be =9 and —27 meV for uniaxial strain (~0.45%) and
biaxial strain (~0.32% ), respectively. For Pt/n-Si diode, the
changes are —8 and —13 meV for uniaxial strain (~0.35%)
and biaxial strain (~0.13% ), respectively. The Schottky bar-
rier height decreases with increase of external mechanical

2
10 s W
oSt
[ Pton n-Ge ‘,,@aii...-- Weeeet
0 ‘Aﬂogﬁ’g" A:::'.-
10T net.13 i e
A“ooe' Al
Sy A

10 LA —a— Biaxial Strain
[ e Uniaxi .
= —o— Uniaxial Strain
_GD' —=s=— Unstrain
100.0 0.1 0.2 03 0.4 05

Voltage (V)

FIG. 2. Experimental forward /-V characteristics of Pt/n-Si and Pt/n-Ge
Schottky diodes with and without mechanical strain.

conditions based on the derivation in Ref. 12.

_ ( Vunstrain)2/3

Vslrain '
where V is the volume of metal and Ey is the Fermi energy.
Since the Pt in our sample is polycrystalline, the exact strain
in the polygrains can be even smaller, and the change of the
work function can be neglected. Therefore, the change of the
Schottky barrier height under mechanical strain is mainly
due to the change of the conduction band edge of the
semiconductor.

Capacitance-voltage (C-V) characteristics of Pt/n-Si and
Pt/n-Ge samples under the biaxial tensile or uniaxial tensile
strain are shown in Fig. 3. The doping concentrations
obtained from the Si and Ge devices at reverse bias are
~1X10" and ~1X10' cm™, respectively. The barrier
height variation can be determined from"'

E F,strain

(7

EF ,unstrain

Adp,(e) = AVii(e) + A(Ec - E)(e), (8)

where V,;(e) is the built-in voltage measured from the volt-
age intercept of C-V, and (E-—Ef)(e) is the depth of the
Fermi level below the conduction band, which can be com-
puted when the doping concentration is known,

A(Eo—Ep)(s) == KT m[ N:(ls) ] , 9)

where N, (g) is the electron effective density of state as a
function of strain in Si and Ge, respectively.13 Based on
C-V measurement, the barrier height also decreases with ex-
ternal tensile strain.

—e— Unstrain
—— Uniaxial Strain
—¥%— Biaxial Strain

42x10"

q1x10°

0.0
v, (V)

FIG. 3. C-V characteristic of Pt/n-Si and Pt/n-Ge Schottky diodes with and
without mechanical strain.
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FIG. 4. Theoretical calculation and the experimental data of the shift of
conduction band of Si and Ge under the external mechanical strain.

The theoretical calculation and experimental data of the
conduction band shift in Si and Ge as a function of external
strain along (110) are shown in Fig. 4. Using the parameters
in Refs. 10 and 14, and the formulas in Refs. 14 and 15, the
shift of conduction band edge due to external tensile strain
along (110) is calculated under the stress-free condition.
“Stress-free” means no stress along the in-plane direction

perpendicular to the uniaxial strain axis (110, i.e., (110)
direction. The downshifts of —23 (-22) meV/% for the
uniaxial strain and —100 (—84) meV/% for the biaxial strain
are obtained for the Si (Ge) devices from I-V measurement.
In summary, the reduction of the Schottky barrier height
for the n-type semiconductor under external mechanical
strain is observed. This reduction is shown to originate from
the reduction of the conduction band edge. Using the stress-
free boundary condition, a reasonable agreement between ex-
perimental data and theoretical calculation is obtained.
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Abstract

Metal-oxide-semiconductor tunneling diodes can be used as photodetectors at the inversion bias. To increase the responsivity, d-doping is
used in the quantum dot infrared photodetectors (QDIPs) and quantum well infrared detectors (QWIPs). The peak responsivity of the quantum
dot and quantum well infrared photodetector at 15 K is found to be 0.03 mA/W and 1.3 mA/W, respectively, at a gate voltage of 1 V. The
higher responsivity of the QWIP is probably due to the continuous two-dimensional density of states and smaller transition energy as compared
to the QDIP. The QD photoresponse in the peak wavelength range 3.5—-5 pm can be measured up to 100 K, while that for QW 3—7 pm can
only be detected up to 60 K. A higher dark current due to the lower transition energy in the QWIP limits its operating temperature as compared

to the QDIP.
© 2005 Elsevier B.V. All rights reserved.

Keywords: MOS; Silicon; Germanium

1. Introduction

Advanced Si-heterostructure technology can increase the
functionality of Si chips with potential applications in
optoelectronic devices [1—4]. An ultra-thin insulator in
metal—insulator—semiconductor (MIS) structure allows a
significant tunneling gate current, which can be used in the
photodetectors. Note that a large gate current is not desired in
ultra-large scale integration circuit applications.

Mid- and long-wavelength quantum dot/well infrared
photodetectors using intraband transitions are attractive in the
military, medical, astronomical and other applications [5]. Due
to the requirement of a precise control of heterojunction
abruptness, most quantum dot/well infrared photodetectors
(QDIPs/QWIPs) are grown by Molecular Beam Epitaxy
(MBE). In this paper, we have successfully fabricated QDIPs/
QWIPs with good performances by Ultrahigh Vacuum Chem-
ical Vapor Deposition (UHVCVD). Schematic structure is
shown in Fig. 1.

* Corresponding author. Department of Electrical Engineering and Graduate
Institute of Electronics Engineering, National Taiwan University, Taipei,
Taiwan, ROC. Tel.: +886 2 23635251x515; fax: +886 2 23638247.

E-mail address: chee@cc.ee.ntu.edu.tw (C.W. Liu).

0040-6090/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ts£.2005.06.109

2. d-doped quantum dot infrared photodetector

A MOS structure at the inversion bias can significantly
reduce the dark current due to the tunneling oxide. Fig. 2 shows
that a S-period of Ge/Si quantum dot infrared photodetector
(QDIP) in metal-semiconductor (MS) structure has larger dark
current than that in metal-oxide-semiconductor (MOS) structure
without 6-doping introduced. The hole excited by an infrared
exposure in Ge/Si quantum dots (quantum wells) can transport
into the back electrode by relaxation in the p-type semiconductor
(the inset of Fig. 3). The 6-doping in the quantum dots (quantum
wells) can increase the responsivity due to the increase of hole
concentration inside the dots (wells). The valence band offset
between Si and Ge (SiGe) forms discrete quantum states in the
Ge quantum dots and two-dimensional density of state in the
Sip,Gegs quantum wells [6]. The hole transition energy is
determined by the band structure of the quantum dots (quantum
wells).

A 20-period Ge/Si quantum dots (QDs) with 3 nm wetting
layer grown by UHVCVD was fabricated into MOS tunneling
diodes [7] with a low-temperature (50 °C) liquid phase
deposition (LPD) oxide (Fig. 1) [8]. A boron concentration
of 10" cm™* was introduced during the growth of Ge quantum
dots. Boron incorporation occurred only for the middle one-
tenth of deposition time of the Ge layer. Ge quantum dot layers
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Fig. 1. The structure of MOS Ge/Si QDIP. Twenty-layer Ge quantum dots with
6-doping were prepared by UHVCVD. The inset shows the TEM photograph of
the quantum dot structure. The Si spacer is 80 nm in thickness.

were separated by 80 nm Si spacer layer. The cross-sectional
TEM photograph of the QD structure is shown in the inset of
Fig. 1. Al was deposited on the oxide to form the gate electrode
with an area of 3 x 102 cm?.

When the Si spacer is smaller than the correlation length,
the grown Ge QDs can be self-assembled in a row vertically
[9]. However, in this study, the Si spacer is 80 nm thick,
which is too high to have the strain field coupling between
quantum dot layers. The Ge dot is not necessarily aligned
vertically in a row in our samples, as indicated in the TEM
micrograph in Fig. 1.

Fig. 3 shows the /—V characteristics of the NMOS QDIP
at different temperatures. At inversion bias, one component of
the dark current of MOS tunneling diode is dominated by the
thermal generation of electron—hole pairs from the valence to
the conduction band through the defects in the depletion
region and at the Si/SiO, interface (the inset of Fig. 3).
Thermally generated electron—hole pairs reduce as the
operating temperature decreases. The other component of
the dark current arises from the holes thermally excited from
the quantum dots to the valence band edge (the inset of Fig.
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Fig. 2. Comparison of dark current between MOS and MS structures.
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Fig. 3. Dark current of a MOS Ge/Si QDIP at different temperatures. The inset
shows the band diagram of a NMOS Ge/Si QDIP at inversion bias. The
confined holes can be excited under infrared exposures.

3). The dark current at the inversion bias decreases as the
operating temperature reduces. At accumulation bias, the
electron tunnels from the Al gate to the p-Si, and the
accumulated holes at oxide/Si interface also tunnel to the Al
gate electrode. Both tunneling mechanisms are related to the
trap-assisted tunneling (Frenkel-Poole), and decrease with the
lowering of temperature.

Under infrared exposures at an inversion bias, the confined
holes can be excited and contribute to photocurrent. The
spectral response is measured by Fourier transform infrared
(FTIR) spectrometer (Perkin-Elmer Spectrum 2000) coupled
with a cryostat [APD cryogenics] and a SR570 current
preamplifier. The incident light is unpolarized and the devices
are under normal incidence detection mode.

At 15 K, a broad 3.5-5 pum peak, originated from the
intraband transition in the quantum dot, is observed at gate
voltages of zero and 1 V with a peak responsivity of 0.03 mA/
W at 1 V (Fig. 4). This intraband transition at 3.5—5 um is
different from the transition (3—10 pm) in the undoped devices,
probably due to another intraband transition resulting from
more holes at higher energy level. At 20 K, the responsivity of
undoped-QDIPs is 0.004 mA/W at 6.6-um peak [10]. The 6-
doping is expected to contribute hole concentration in the
doped devices. The dark current at 80 K for the 6-doped device

3x10°

2x10°

1x10°

Responsivity (A/W)

40 45 50 55 6.0 6.5
Wavelength (um)

Fig. 4. Spectral response of a QD device at different gate voltages.
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Fig. 5. The detectivity of the 3.5—5 pum peak vs. temperature at a gate voltage
of 1 V for the QDIP.

is ~107° A, which is 10 times larger than that of undoped
QDIPs, because more holes can be thermally excited from the
doped quantum dots. The operating temperature is also reduced
due to the larger dark current. There is a trade-off between the
operating temperature and responsivity.

The normalized detectivity D* is defined as:

VAAF  JAAF
px=Y2L VI (1)
NEP ~ i,/R

where 4 is the detector area (3x 1072 cm?), Af is the
equivalent bandwidth of the electronic system. The noise
equivalent power (NEP) is defined as i,/R, where i, is the
current noise and R is the responsivity. The current noise is
limited by the dark current and can be approximated as the shot
noise (2el,Af)"?, where Iy is the measured dark current.
Therefore, D* can be simplified to

D* = @ (2)

V 2el, d '

Fig. 5 shows the detectivity at different temperatures at 1 V
bias. The peak detectivity is found to be 10° cm-Hz"?/W for
the 3.5—5 pm peak. The detectivity decreases with the increase
of operating temperature due to the rise of the dark current. For

I Al I
oxide

Si cap layer 130 nm(undoped)

N7nm SipsGeos quantum well
| in 1

Si spacer layer 80 nm(undoped)

Si buffer layer

Si substrate

Al

Fig. 6. The structure of the MOS Siy 7Geo; QWIP. The inset shows the TEM
photograph of the quantum well structure.

Current (A)

Voltage (V)

Fig. 7. Dark current of MOS QWIP devices as a function of operating
temperature.

comparison, the detectivity of III-V based-ODIP (InGaAs/
AlGaAs quantum well on GaAs substrates) is 4 x 10'® cm-Hz"/
2/W for 4.5 um peak at 95 K [11].

3. 3-Doped quantum well infrared photodetector

The 6-doping was also introduced in the MOS Si,-;Geg 3
quantum well infrared photodetector (QWIP). The structure is
similar to the QD device, but the QDs are replaced by 5 layers
of 7-nm-thick Siy,Gey; QWs with 80 nm spacers (Fig. 6).
Boron with the concentration of 10'® ¢cm™> was introduced
during the growth of Sij-;Geg 3 quantum wells and the same
incorporation time with the d-doped QDIP mentioned above.
The TEM photograph of the QW structure is shown in the inset
of Fig. 6.

In comparison, the dark current of the 6-doped QW device
(Fig. 7) is larger than that of the 6-doped QD device at low
temperatures. Due to the smaller confinement energy for holes
in SiGe QW, holes can be easily thermally excited and
contribute to the dark current. The continuum of the two-
dimensional density of states in quantum wells also assists the
thermal excitation of holes out of the quantum well, as
compared to the discrete energy states in quantum dots.

The spectral response of 6-doped QWIP at 15K for
different gate voltages is shown in Fig. 8. Due to the smaller

1.5x107
— oV

g ——————— 1V
= 1.0x10°}
>
=
(2]
& s

ox10* b
g 5.0x10 T15K

Wavelength (um)

Fig. 8. Spectral response of a QW device at different gate voltages. For V=1
V, the peak responsivity at 15 K is 1.3 mA/W.
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Fig. 9. The detectivity of the 3—7 um peak vs. temperature at V=1V for the
QWIP. The response becomes weak beyond 60 K.

confinement energy of the SiGe QW device, the absorption
wavelength shifts to longer wavelength (3—7 um). For Vg=1
V, the peak responsivity at 15 K is 1.3 mA/W. The SiGe 6-
doped QW detector has larger responsivity than that of the 6-
doped QD detector. Photo-excited holes in the detectors may
be trapped by subsequent layers of quantum dots/quantum
wells. Trapped holes in the QW device are more easily
thermally excited due to a small transition energy. This may
lead to the larger responsivity as compared to the o-doped
QD device, but the exact origin is still under investigation.

The detectivity at different temperatures at 1 V bias is
plotted in Fig. 9. The peak detectivity is 5 x 10° cm-Hz'%/W at
5.4 um and decreases with increasing temperature. Due to the
larger dark current, the operating temperature of the QW device
is lower than that of the QD device.

4. Conclusion

MOS-based Ge/Si quantum dot/well photodetectors are
demonstrated by introducing d-doping using UHVCVD. For
QDIP, a peak in wavelength range 3.5—5 pm, which originates
from the intraband transition in the quantum dot, is observed.

At 15 K, the peak 3.5—5 pm responsivity is 0.03 mA/Wat 1 V,
and the operating temperature of the device is up to 100 K. A
higher peak responsivity is observed for the 6-doped QWIP
with the highest value reaching 1.3 mA/W at 1 V. The
absorption region for the devices is 3 to 7 um. However, due to
larger dark current, the operating temperature of the QW device
is only up to 60 K.
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Ge-on-insulator structures have been fabricated by wafer bonding and layer transfer techniques.
Ultralow bonding temperatures of 150-300 °C are employed in order to suppress hydrogen
outdiffusion and to produce a low defect density, in an attempt to produce high photocurrent and
photoresponse. Thus reducing the hydrogen outdiffusion results in decreased surface roughness. A
low defect density is suggested by a low inversion-current leakage of the tunnel diodes. The
photoresponse of the Ge-on-insulator detector is also found to increase with decreasing bonding
temperature, indicating that defects caused by hydrogen implantation are passivated more
effectively. © 2006 American Institute of Physics. [DOI: 10.1063/1.2347116]

As channel lengths of metal-oxide-semiconductor field-
effect transistors (MOSFETS) are deeply scaling down, car-
rier mobility enhancement in the channel is desired for im-
proving the performance of circuitry. To achieve this
purpose, germanium (Ge) is a promising channel material for
MOSFETs because it has high electron and hole mobilities as
compared with Si.'” A Si-on-insulator structure can improve
the performance of complementary metal-oxide semiconduc-
tor circuits, due to the reduction of parasitic capacitance.
Ge-on-insulator (GOI) structures may thus be particularly
suitable for obtaining high-performance MOSFET devices
benefiting from both the advantages of mobility enhance-
ment and low parasitic capacitance.“’5 The layer transfer
technique using wafer bonding and hydrogen implantation
(also called smart cut®’) enables the fabrication of GOI
structures. Recently, a GOI structure fabricated by a smart-
cut process with low thermal budget (~400 °C) has been
repor’ted.8 In this letter, the fabrication of GOI structures has
been demonstrated at ~150 °C: so far, a lowest GOI process
temperature that has been reported. Effects of hydrogen on
low-temperature GOI fabrication process have several ad-
vantages with smoother cleaved surface and defect passiva-
tion beside the low mismatch of thermal expansion reported
previously.9

The basic fabrication process of GOI metel-insulator-
semiconductor (MIS) detector involves hydrogen ion im-
plantation and direct wafer bonding techniques. The Sb-
doped n-type Ge substrate (001) is prepared as a “host”
wafer. Then, hydrogen ions with a dose of 1 X 10'7 cm™ and
an energy of 200 keV are implanted into the host Ge wafer
before bonding to form a deep weakened layer. On the other
substrate, thermal oxide with a thickness of 80 nm is grown
on the p-type Si substrate to form a “handle” wafer. The
handle wafer and the host wafer were hydrophilicly cleaned

Y Author to whom correspondence should be addressed; electronic mail:
chee@cc.ee.ntu.edu.tw

0003-6951/2006/89(10)/101913/3/$23.00

89, 101913-1

by using NH,OH:H,0,:H,0 solution and KOH:H,O solu-
tion, respectively. Then, both wafers were rinsed in de-
ionized water and initially bonded at room temperature.lo’11
The wafer pair was annealed to strengthen the chemical
bonds between the two faces and to induce layer transfer
along the weakened hydrogen-implanted region by H, blis-
tering. Metal/oxide/Ge tunneling diodes were fabricated for
electrical measurements. Low-temperature (~50 °C, lower
than the bonding temperature) liquid phase deposition (LPD)
was used to deposit the gate oxide; this process has the ad-
vantages of low cost, selective growth, and high throughput.
The thickness of the LPD oxide was ~1.6 nm. Platinum (Pt)
as a gate electrode was evaporated on the LPD oxide and
large aluminum (Al) pad as an Ohmic contact electrode was
evaporated on the same side. A cross-sectional transmission
electron micrograph of a GOI metal/oxide/Ge diode is shown
in Fig. 1.

The hydrogen can diffuse out from the surface during the
bonding process, especially at the instant of breakage. Ac-
cording to published experimental result,' hydrogen is a fast
diffuser in Ge. A lower process temperature produces a more
concentrated hydrogen profile because of the low diffusion
coefficient of hydrogen at low temperature. The concentrated
hydrogen region would lead to a smooth cleaved surface
since the separation along the microcavity plane during the
smart-cut process is generated by the hydrogen bubbling
near the peak implantation region. Figure 2 shows the sur-
face roughness of the GOI sample as a function of process
temperatures, measured by atomic force microscopy (AFM)
on 1 X1 um? area. The surface roughness continues to de-
crease with decreasing process temperature. A root-mean-
square (rms) roughness of ~7 nm is obtained after the H,
blistering at 150 °C for 12 h, while the rms roughness is as
high as ~27 nm after blistering at 300 °C for the same time.

During thermal treatment, the implanted hydrogen ions
can passivate the defects generated by implantation damage
in the Ge. At a lower bonding temperature, the outdiffusion

© 2006 American Institute of Physics
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FIG. 1. Cross-sectional transmission electron micrograph of GOI MIS
detector.

of hydrogen ions from the wafers can be suppressed and
more hydrogen can passivate the defects. Figure 3 shows the
tunneling current of Pt/oxide/GOI (MIS) diodes as a function
of processing temperature. The inset of Fig. 3 is a typical
current-voltage curve, for the GOI diode fabricated at
150 °C. A drop in leakage current was observed for a bond-
ing temperature of 150 °C. The leakage current of MIS tun-
neling diodes at inversion bias (negative bias for n-type Ge)
is dominated by thermal generation of electron-hole pairs
through defects in the depletion region and at the Ge/oxide
interface (Fig. 4)."* The lower defect density for the 150 °C
bonding temperature is probably due to the hydrogen passi-
vation of defects generated by hydrogen implantation. The
wafer holder was cooled down to =20 °C during the implan-
tation process. The heating due to the ion implantation may
increase the wafer temperature, but the Ge substrate tempera-
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FIG. 2. Surface roughness (rms) measured by AFM as a function of process
temperature. The surface roughness of the Ge-on-insulator structure de-
creases as the process temperature decreases (rms roughness ~7 nm at
150 °C vs ~27 nm at 300 °C).
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FIG. 3. Leakage current of a Pt/oxide/GOI detector with different process
temperatures at inversion bias of —2 V. Typical current-voltage curves (in-
set) for the Ge-on-insulator MIS diode fabricated at ~150 °C.

ture is estimated to be lower than ~50 °C. No blistering was
observed after the hydrogen implantation in the sample, in-
dicating that the wafer temperature is low enough. Due to the
equipment limit, the wafer holder temperature cannot be
even lower.

Figure 5 shows the photoresponse of GOI MIS diode
under light exposure at a wavelength of 850 nm with differ-
ent bonding temperatures.14 The fiber is pointed to the edge
of the gate electrode and photogenerated carriers can be col-
lected by lateral diffusion and drift mechanisms. The photo-
generated holes and electrons in the deep depletion region
are separately swept towards the Pt and Al electrodes, re-
spectively, to form the photocurrent. The responsivity in-
creases from 3.6 to 220 mA/W as the process temperature
decreases from 300 to 150 °C. Since the Ge surface is pas-
sivated by LPD oxide (the inset of Fig. 5), the surface current
seems to be minimized. Surface defects in GOI near the LPD
oxide can act as recombination centers, and the photogener-
ated electron-hole pairs can recombine at surface defects,
reducing the photocurrent. Therefore, the photocurrent is
more sensitive to the surface defects than the dark current.
Figure 5 shows a clear trend of decreasing photocurrent with
increasing bonding temperature, suggesting a concomitant
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Leakage
current
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w17
Photocurrent
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FIG. 4. Band diagram of the n-type GOI detector under inversion bias. The
defects due to ion implantation were formed in Ge around the implanted
hydrogen profile and can act as traps to reduce the photocurrent.

Damage
defects
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FIG. 5. Responsivity of GOI MIS detectors under light exposure at a wave-
length of 850 nm for different process temperatures. The responsivity in-
creases as the process temperature decreases. The inset shows the device
structure of the GOI MIS detector.

increase in the surface defect density due to the release of
hydrogen at high bonding temperatures.

In summary, GOI MIS detectors were fabricated by wa-
fer bonding and layer transfer techniques at low tempera-
tures. The surface roughness of GOI structure decreases as
the process temperature decreases due to the suppression of
hydrogen diffusion in the Ge, resulting in a smooth cleaved
surface. The photoresponse of the GOI MIS detector is en-
hanced for lower bonding temperatures, due to the suppres-
sion of defects. Low-temperature bonding is thus a promis-

Appl. Phys. Lett. 89, 101913 (2006)

ing technique to provide GOI wafers with low defect density
for future electrical and optoelectronic applications.
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